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128a Sunday, February 26, 2012activity via processes such as Ca2þ-dependent inactivation (CDI) is thought to
be important in neuronal function. CDI of CaV1.2 L-channels relies upon pro-
teins associated with the channel’s C-terminus, such as the Ca2þ-sensor cal-
modulin. The C-terminus of the CaV1.2 a1 subunit also interacts with the A-
kinase anchoring protein AKAP79/150 (79 = human, 150 = rodent), which
binds both protein kinase A (PKA) and the Ca2þ/calmodulin-activated phos-
phatase calcineurin (CaN). To study the roles of AKAP79/150-anchored CaN
and PKA in CDI, we recorded pharmacologically-isolated L-type Ca2þ currents
from rodent hippocampal neurons maintained in culture for up to 6 days. Rates
of Ca2þ-dependent inactivation (1/t) were estimated by curve-fitting the fast
component of the decay of Ca2þ current (10 mM) that occurred during 500-
msec step depolarizations (0.067 Hz) from the holding potential (60 mV)
to 0 mV. In control neurons L-current underwent CDI at a rate of ~40 sec1.
CDI was slowed to < 10 sec1 by disruption of CaN anchoring or activity
via (1) RNAi knock-down of AKAP150 coupled with over-expression of a mu-
tant human AKAP lacking the CaN binding motif (AKAP79DPIX); (2) block
of CaN-AKAP150 interaction by an anchoring competitor (VIVIT peptide);
(3) the CaN inhibitor cyclosporine A; or (4) expression of AKAP150DPIX
in transgenic mice. CDI was slowed to less than 20 sec1 by perturbation
of the PKA-AKAP interaction via (1) AKAP150 knock-down coupled
with over-expression of anchoring protein lacking the PKA binding site
(AKAP79DPKA); (2) block of PKA-AKAP150 interaction with an anchoring
competitor (Ht31 peptide); or (3) expression of AKAP150DPKA in transgenic
mice. The PKA inhibitor PKI slowed CDI to < 7 sec1.
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Protein kinase A (PKA) and the Ca2þ/calmodulin-activated phosphatase calci-
neurin (CaN) reciprocally regulate CaV1.2 Ca
2þ channel activity. The A-kinase
anchoring protein AKAP79, associated with the C-terminus of CaV1.2 chan-
nels, scaffolds these opposing enzymes to the channel and, in neurons, thereby
helps organize downstream signaling to the nucleus. Here we studied the role of
phosphorylation signaling in CaN-mediated Ca2þ-dependent inactivation
(CDI) of CaV1.2 channels, focusing on sites in the channel’s C-terminus that
can be phosphorylated by PKA (Ser1700, Thr1704, Ser1928). We used
voltage-clamp recording of Ca2þ or Ba2þ current carried by CaV1.2 channels
(a11.2a, b2b, and a2d1a subunits) transfected into tsA201 cells. Cells were
also transfected with either wild-type or mutant AKAP79 constructs, and
PKA activity was elevated with forskolin (FSK, 5 mM in whole-cell pipet). As
previously reported, over-expression of an AKAP79 construct in which the
CaN anchoring site was deleted (AKAP79DPIX) resulted in a decreased rate
of CDI of FSK-enhanced Ca2þ current. Over-expression of the catalytically-
inactive mutant CaNH151A also resulted in a decreased rate of CDI for FSK-
enhanced current. A combination of CaN inhibitors, cyclosporin A and
FK506, reversibly reduced the rate of CDI for FSK-enhanced current. Ser-to-
Ala substitution at Ser1928 (S1928A) reduced the rate of CDI for Ca2þ current
in 0 FSK, but the combination of FSK (perhaps stimulating PKA action at sites
other than S1928) and over-expression of AKAP79DPIX overcame the effect
of S1928A and restored CDI to the control rate. Other sites of phosphorylation
by PKA in the CaV1.2 channel were investigated as well: the decrease in rate
of CDI observed for wild-type channels co-expressed with AKAP79DPIX was
present in the double mutant S1700AþT1704A. Our results suggest that
S1928 is a key structural determinant in CDI of CaV1.2 channels.
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Objective: The L-type Ca2þ current (ICa,L) and the Na
þ/Ca2þ exchange current
(INCX) are major inward currents that shape the cardiac action potential (AP).
Previously the profiles of these currents during AP were determined frommath-
ematical models based on data from voltage-clamp experiments that used Ca2þ
buffer. In this study we aimed to obtain direct experimental measurement ofthese currents during cardiac AP with Ca2þ cycling. Method: A newly
developed AP-clamp sequential dissection method was used to record ionic
currents in guinea pig ventricular myocytes under a triad of conditions: (1) us-
ing the cell’s own AP as the voltage command, (2) using internal and external
solutions that mimic the cell’s ionic milieu and, importantly, (3) no exogenous
Ca2þ buffer was used. Results: The nifedipine-sensitive current (INIFE), which
is composed of ICa,L and INCX, revealed hitherto unreported features during AP
with Ca2þ cycling in the cell. We identified two peaks in the current profile fol-
lowed by a long residual current extending beyond the AP, coinciding with a re-
sidual depolarization. The second peak and the residual current become
apparent only when Ca2þ is not buffered. Pharmacological dissection of INIFE
using SEA0400 shows that ICa,L is dominant during AP phase-1&2 whereas
INCX contributes significantly to the inward current at phase-3&4. Conclusion:
These data provide the first direct experimental visualization of ICa,L and INCX
during cardiac AP and Ca2þ cycle. The residual current reported here can serve
as a potential substrate for afterdepolarizations when increased under patholog-
ical conditions.
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The stiffness of myocardial tissue changes significantly during development
and at birth, concurrent with significant changes in contractile and electrical
maturation of cardiomyocytes. Previous studies by our group have shown
that cardiomyocytes generate maximum contractile force when cultured on
a substrate with a stiffness approximating native cardiac tissue. The force is
correlated with the size of calcium transients, and on very stiff substrates this
is due to lower amounts of stored calcium. However, the same relationship
with stored calcium does not exist on softer substrates, and we therefore hy-
pothesized that substrate stiffness also modifies calcium currents during cardi-
omyocyte action potentials. Neonatal rat ventricular cardiomyocytes (NRVMs)
were isolated and cultured on polyacrylamide hydrogels of varying elastic
modulus (1, 5, 10, 25, and 50 kPa). Using whole-cell patch clamping, action
potential voltages were recorded in the presence and absence of BDM, a myosin
inhibitor, calcium and potassium currents were recorded at voltages between
80 and 40 mV, and calcium current inactivation dynamics were determined.
No significant difference was observed in potassium currents. However, the
voltage at which a calcium current was at its maximum was shown to decrease
with increasing stiffness, and the inactivation time constant was shown to be
shorter on stiffer substrates. This can lead to less calcium influx in cells on
softer substrates. Interestingly, the calcium current dynamics in NRVM on stiff
substrates resemble those in adult rat cardiomyocytes. These results may ex-
plain functional differences in cardiomyocytes resulting from changes in the
elastic modulus of the extracellular matrix, as observed during embryonic de-
velopment, in ischemic regions of the heart after myocardial infarction, and
during dilated cardiomyopathy.
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Progression of cardiac hypertrophy to failure and development of many cardio-
myopathies involves myocyte remodeling, disorganisation of cytoskeletal pro-
teins and reduced energy metabolism. The mechanisms by which cytoskeletal
disruption leads to mitochondrial dysfunction are poorly understood.
Calcium influx through the L-type Ca2þ channel (LTCC) is a requirement for
contraction in the heart. The LTCC can influence mitochondrial superoxide
production, NADH production and metabolic activity in a calcium-dependent
manner. Activation of the channel can also increase mitochondrial membrane
potential (Jm) in a calcium-independent manner. This response is dependent
upon the cytoskeleton. We hypothesized that disruption of normal cytoskeletal
architecture will result in altered communication between the LTCC and mito-
chondria. We investigated this hypothesis in the murine model of Duchenne
Muscular Dystrophy(mdx). Myocytes from 8 week old mdx mice that exhibit
disorganised cytoskeletal protein networks but not yet overt cardiomyopathy,
demonstrated significantly slower LTCC inactivation rate (26.251.8ms,
n=13 vs 21.151.3ms, n=16; p<0.05) and significantly greater calcium influx
(681540nM, n=7 vs 432551nM, n=5). However activation of the LTCC
did not increase Jm (n=6) or metabolic activity (measured as formation of
Sunday, February 26, 2012 129aformazan from tetrazolium salt) in mdxmyocytes (n=8). Application of 4,4’dii-
sothiocyano-2,2’-stilbenedisulfonic acid, that blocks anion transport mimicked
the response of BayK(-) in control myocytes (n=4) and ‘‘restored’’ the increase
in Jm in mdx myocytes (n=4).The activities of the mitochondrial respiratory
complexes were normal in mitochondria isolated from 8 week old mdx hearts
and from 40 week old mdx hearts that had developed cardiomyopathy. We con-
clude that the communication between the L-type Ca2þ channel and mitochon-
dria is altered in the dystrophin-deficient cardiomyocyte. This appears to
involve an alteration in the association between the channel protein, actin fila-
ments and mitochondrial anion transport and precedes the development of
cardiomyopathy.
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Dehydroepiandrosterone (DHEA) is an abundantly released pro-hormone from
adrenal gland and a neuro-modulator released locally in the brain. DHEA in-
hibits L-type Ca2þ channel current (ICa,L) at relatively high concentration.
However, since serum concentration of DHEA-sulfate, an inactive form of
DHEA, is ~105 M and it is locally converted to DHEA by sulfatase, DHEA
may regulate vascular contraction in situ. The mechanism of how DHEA in-
hibits ICa,L has remained unresolved. In the present study, we explored whether
DHEA inhibits ICa,L by direct interaction with CaV1.2 in cultured A7r5 cell line
from fetal rat aorta and isolated bovine coronary artery smooth muscle cells.
We performed whole cell and cell-attached recording of ICa,L and applied
DHEA either globally by bath application or locally to patch membrane via pi-
pette solution. With whole recording ICa,L amplitude was inhibited by bath ap-
plied DHEA (0.1 mM) in a few minutes associated with an acceleration of the
current decay. The washout of DHEA caused a rapid reversal. Single and mul-
tichannel ICa,Ls were recorded with 90 mM Ba
2þ as a charge carrier in the pres-
ence of Bay K 8644 in the pipette solution. They exhibited characteristic long
open time and constant unitary current amplitude from the start of recording.
However, DHEA (0.1 mM) included in the pipette solution did not accelerate
the transition to the long shut state in the single channel recording nor acceler-
ate the time course of inactivation of the multichannel current for 5-10 min. On
the other hand, mean currents from the cell-attached recording were reversibly
inhibited by bath-applied DHEA. Therefore, if DHEA interacts directly with
CaV1.2 in the membrane, it does not play major role in the steroid-induced
inhibition of ICa,L.Cyclic Nucleotide-gated Channels
647-Pos Board B433
HCN3 Contributes to the Ventricular Action Potential Waveform in the
Murine Heart
Stefanie Fenske1, Stylianos Michalakis1, Franz Hofmann2,
Christian Wahl-Schott1, Martin Biel1.
1Center for Integrated Protein Science CIPS-M and Zentrum fu¨r
Pharmaforschung, Department Pharmazie, Ludwig-Maximilians-Universita¨t
Muenchen, Muenchen, Germany, 2Institut fu¨r Pharmakologie und
Toxikologie der Technischen Universita¨t Mu¨nchen, Muenchen, Germany.
The hyperpolarization-activated current Ih that is generated by hyperpolariza-
tion-activated cyclic nucleotide-gated channels (HCNs) plays a key role in
the control of pacemaker activity in sinoatrial node cells of the heart. By con-
trast, it is unclear whether Ih is also relevant for normal ventricular heart func-
tion. To study the role of the HCN3-mediated component of ventricular Ih, we
generated a HCN3-deficient (HCN3-/-) mouse line. In telemetric electrocardio-
graphic measurements, these mice displayed a profound increase in the T-wave
amplitude at basal heart rate. Action potential recordings of isolated HCN3-/-
ventricular myocytes indicated that this effect was caused by an acceleration
of the late repolarization phase in epicardial myocytes. These cells also dis-
played approximately 30% reduction of total Ih. The mRNA levels of other
ion channels and transporters were not affected, and the major cardiac currents
(INa, ICa, Ito, IKss, IK1) were unchanged. We show that at the resting membrane
potential HCN3 channels are open. They display ultraslow deactivation kinet-
ics and, hence, are constitutively open during the time course of the ventricular
action potential. Specifically, HCN3 together with the other cardiac HCN chan-
nels generate a depolarizing current during late repolarization that prolongs the
ventricular action potentials. Our study conceptually extends the list of HCN
channel functions by demonstrating that these channels not only are relevant
for pacemaker function but also are involved in controlling the electric activity
of ventricular cardiomyocytes.648-Pos Board B434
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The term ‘cooperativity’ is generally used to functionally characterize enzymes
and receptors with multiple binding sites when the affinity at one binding site
influences the affinity at the other binding site(s). The affinity increase for the
primary ligand is a simple energetic consequence of its action because the en-
ergy used for a confomational change must be provided by the binding itself.
The affinity change in the other binding sites is a speciality of the multimeric
protein, determining its characteristic properties. An affinity increase of the
subsequent binging sites is usually termed ‘positive cooperativity’ and an affin-
ity decrease ‘negative cooperativity’. Positive cooperativity has been often de-
scribed by the Monod-Wyman-Changeux model, assuming a constant allosteric
factor for the successive affinity increase for each binding step. Using confocal
patch-clamp fluorometry and a fluorescence-labelled cAMP, we recently deter-
mined for HCN2 channels the rate constants in a Markovian model containing
four sequential binding steps, in both the closed and the open channel, and five
closed open isomerizations. The equilibrium association constants of the bind-
ing steps, i.e. the affinity of the binding sites, changed with the sequence
1.5106, 9.0106, 1.2104, 2.6106 (M1), resulting in a sequence of coop-
erativity of ‘positive-negative-positive’. However, cooperativity can also be re-
lated to the rates of binding and unbinding, i.e. to physical processes
proceeding in time. If considering, for example, the binding rates in the closed
channel, the sequence is 5.4106, 8.4105, 9.9104, 2.2107 (M1s1), re-
sulting in a sequence of cooperativity of ‘negative-negative-positive’. In the
open channel this sequence is similar. As a conclusion we propose to distin-
guish between cooperativity related to the affinities of the binding sites from
cooperativity related to the rates of binding or unbinding at the binding sites,
providing more precise information about the underlying physical processes.
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Considerable evidence has shown that ion channels operate as part of large
macromolecular complexes composed of channels, cytoskeletal proteins, scaf-
folding proteins, signaling molecules, and a litany of other molecules. The pro-
teins that make up these complexes can influence trafficking, localization, and
biophysical properties of the channel. Until recently, little was known about
which proteins associate with and modulate hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels. New studies have uncovered a cytosolic pro-
tein called Trip8b, which may contribute to the dendritic localization of HCN
channels in many neurons. TRIP8b interacts with the carboxy terminus (C-ter-
minus) of HCN channels at two sites and regulates the expression level and cy-
clic nucleotide dependence of the channel. Here we examine the molecular
determinants of Trip8b binding to HCN2 channels using a combination of elec-
trophysiology, single molecule fluorescence, and X-ray crystallography. We
first determined the stoichiometry of the interaction using the single molecule
bleaching method. We counted bleaching steps of EGFPs expressed as fusions
with Trip8b in oocytes co-expressing HCN2 and found that Trip8b and HCN2
form a 4:4 complex in intact channels. Using isolated fragments of HCN2, we
find that Trip8b and the C-terminus of HCN2 form a stable 2:1 Trip8b:HCN2
interaction and that removal of the downstream binding site on HCN2 does not
alter this complex in solution. Combined with the single molecule fluorescence
data, we believe this suggests a model wherebyTrip8b interacts with HCN2 in
the cleft between two adjacent C-termini making multiple contacts with the
each cyclic nucleotide binding domain on neighboring HCN2 molecules. To
begin to understand the detailed molecular mechanism of the interaction be-
tween Trip8b and HCN2, we used X-ray crystallography to determine the struc-
ture of Trip8b in complex with a peptide of the last seven amino acids of HCN2.
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Cyclic nucleotide-gated (CNG) channels have a key role in the conversion of
sensory information, such as light and scent, into primary electrical signals.
CNG channels have, in its N-termini, a transmembrane region which forms
the pore of the channel. The C-termini is in the cytoplasmic side and is
